Abstract. Study presented in this paper is concerned with fatigue crack initiation detection, crack propagation observation and measurement as well as with numerical simulation of damage accumulation and propagation in the nodular cast iron grade EN-GJS-400-18-LT. Material properties of nodular cast iron are well elaborated in previous authors' papers. Crack initiation and its propagation observation as well as crack length measurement is performed on standardized specimens using ARAMIS 4M optical system. Based on the experimental results, a new threedimensional constitutive model is proposed to simulate the low-cycle fatigue behaviour of considered material. An efficient algorithm for modelling cyclic plasticity is used for performing numerical simulation of crack initiation and growth on standardized specimens made from nodular cast iron. The computational procedure accuracy is verified by comparing the computed results with the real experimental data.
Introduction
The ductile cast iron grade EN-GJS-400-18-LT, with its characteristic graphite nodules in a ferritic microstructure, ensures large ductility and fatigue strength of that material that is widely used in major industrial components. Well-known fact is that the fatigue strength of nodular cast iron is influenced by the graphite morphology (size, shape and distribution of graphite nodules) as well as by microstructure phase (ferritic and pearlitic) [1] . Aiming to prevent catastrophic failures and to prolong the service lifetime of cyclically loaded structures, it is important to consider the influence of the graphite nodule features on the fatigue crack initiation and propagation at the root of geometrical discontinuities and local notches. The present paper is concerned with the experimental investigation and numerical modelling of the low-cycle fatigue behaviour of above mentioned nodular cast iron EN−GJS−400−18−LT produced with special casting technique called Tundish (in author's former papers (e. g. [2] ) also known as Type 300 of nodular cast iron). An algorithm which enables numerical modelling of cyclic plasticity behaviour of nodular cast iron is proposed by Čanžar et al. in [3] . The present paper is a continuation of that study where the fatigue damage in the specimen near the notch and the crack tip is analyzed in detail for more accurate predictions.
Experimental research
All uniaxial (monotonic and cyclic) as well as fatigue tests are carried out at room temperature on a Walter Bai servohydraulic testing machine with a load capacity of ±50 kN. Fig. 1 shows the shape and geometry of specimens prescribed by the standards ASTM E606 and ASTM E647 used for experimental part of the research. Smooth, polished cylindrical specimens (Fig. 1a) are used for monotonic and cyclic symmetric tests (Fig. 2) , while the compact tension (CT) specimens, (Fig. 1b) are used for fatigue crack growth tests. The strain is controlled with an extensometer with the 10 mm gauge length. Cyclic tests are carried out with the constant strain rate of 10 -3 s -1 limited by applied strain amplitude (Δε/2). In this test, 40 stress-strain hysteresis loops are obtained which is more than enough to achieve a stabilized material behaviour. In fact, stabilization of material is achieved after approximately 15 cycles, which was evident from decreased difference between two adjoining stress ranges followed by the cyclic hardening phenomena. Representative symmetrical cyclic test (Δε/2=±1.2%) is presented in Fig.2 . More data can be found in [2] and [4] .
The following experiment is the fatigue crack growth test. Detection and monitoring of crack initiation and propagation during the tests is performed by an optical measuring system Aramis 4M. The tests are conducted on the compact tension (CT) specimens (Fig. 1b) , loaded under R-ratio of 0.5, with a maximum applied tension force of F max =106667 N. Since this kind of testing is long lasting, there was no reason for measuring every cycle and every small displacement of the specimen with the available optical equipment. Rather than that, every 100 th cycle is recorded, and captured at the moment of maximum load, which is imposed by the testing machine, thanks to the 196 kHz sampling. Specimen testing and crack measurement is shown in the Fig. 3 . Besides of measuring crack propagation i.e. the crack size, crack mouth opening displacement (CMOD) is also measured using special extensometers. Due to very fast measurement, shutter time was correspondingly small, and because of that fact, lightening of the object has to be significant. It is obtained through the usage of led lighting, since it doesn't emit a large amount of heat on the nearby specimen and camera objective.
During the experiment (and thereafter) the growth of cracks can be observed and traced using one of the methods defined in the software Aramis. If cracks are expressed in the form of equivalent strains, with automatically defined limits, then the crack takes the form as shown in Fig. 3 bellow. Although the crack is clearly visible, it can be more clearly shown if the boundaries of displaying equivalent strain are narrowed by a custom selected range.
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Numerical modelling
As presented in authors' paper [3] , the algorithm which enables numerical modelling of cyclic elastoplastic deformation of shell structures proposed by Tonković et al. [5] is modified to simulate elastoplastic behaviour of a nodular cast iron and implemented in the software Abaqus/Standard [6] by using the user-defined material subroutine UMAT. Fig. 2 shows a comparison of the numerical predictions and the test data obtained from the symmetric strain-controlled cyclic experiment. Herein, the results of numerical analysis are presented with green circles. As may be seen, good agreement of the solutions is exhibited except for the first cycle, since the kinematic hardening component is calibrated using the stabilized stress-strain curve. The cyclic plasticity model in combination with the Abaqus/Standard damage initiation and evolution criteria is afterwards applied to study the low-cycle fatigue damage near the notch and the crack tip using the direct cyclic approach to obtain the stabilized cyclic response of the structure directly. Herein, the damage initiation and evolution criteria are based on the stabilized accumulated inelastic hysteresis strain energy per cycle w  : 
where N 0 is the cycle number in which damage is initiated, D stands for fatigue scalar damage variable which assumes the degradation of the elastic stiffness, 1 c , 2 c , 3 c and 4 c are material constants, while L is the characteristic length associated with an integration point. For the cast iron produced by the Tundish technique, the cyclic plasticity and low-cycle fatigue material constants are well documented and elaborated in [4] . In order to verify the computational strategy, the fatigue damage in the CT specimen is studied. For the CT model discretization, a plane stress quadratic element (CPS4) is applied. The obtained results are summarised in Fig. 4 where the deformed CT specimen with opened crack is depicted. In addition, the figure shows the contour plots of the stiffness degradation variable, SDEG (or D). It can be seen that as the cycling proceeds, damage accumulation at the notch root continues to increase. Once the damage evolution criterion is satisfied (D = D max ) at the material integration point, the element is deleted from the mesh. Fig. 5 shows a comparison between the experimental data and numerical predictions in terms of crack length and number of loading cycles. As may be observed from figure, an excellent agreement of the solutions is exhibited.
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Conclusion
Experimental results show a good agreement with conclusion that direct optical monitoring is the safest method for detection and measurement of crack length [7] , nevertheless here in this paper, it is shown that the measurement of the crack tip itself can be an automated process. A computational algorithm for the integration of the cyclic plasticity constitutive model is derived and implemented in an Abaqus UMAT subroutine. Its accuracy is verified by comparing the experimental data from the symmetric cyclic test (i.e. stress-strain hysteresis loops) with the numerical data. The accuracy of the computational procedure for crack initiation and propagation modelling is verified by comparing the model predictions with the experimental data. It is shown that the numerical results agree well with the experimental results.
